[1] Relative dynamic heights and geostrophic fields were derived from TOPEX/Poseidon altimetry data and then used to track mesoscale eddies over the Subtropical Countercurrent (STCC). The radii, centers, vorticities, shearing deformation rates, stretching deformation rates, divergences, and center velocities of all identified eddies over the STCC were determined using a model that assumes constant velocity gradients. Most eddies are concentrated in a zonal band near 22°N, and there is an interannual variation in the number of eddies. A case study was made for a cyclonic eddy and an anticyclonic eddy, with time series of eddy kinematic parameters computed. Both eddies survive for $220 days and propagate westward along over 22°N-24°N to reach the Kuroshio Current east coast of Taiwan, where the eddies were dissipated and in turn affected the Kuroshio Current in many ways. Sea surface temperature data and drifter data confirm the existence of these two eddies. The radii of both eddies vary and their shapes are mostly elliptical during propagation. The anticyclonic eddy propagated almost westward with oscillating north-south components, and the mean speed is 8.3 km/day. The cyclonic eddy moved southwestward before reaching 130°E and then moved northwestward, with a mean speed of 7.6 km/day. The propagations of these two eddies are basically consistent with the standard theory of eddy propagation but with larger speeds. The propagating direction could be altered while passing steep bottom topography or merging with the other eddies. 
Introduction
[2] In the western Pacific the Subtropical Countercurrent (STCC) generates a productive eddy field due largely to baroclinic instability [Qiu, 1999] . The resulting mesoscale eddies propagate westward [e.g., Cushman-Roisin et al., 1990] , mostly reaching the continental shelf of the western Pacific, especially east of Taiwan. Before dissipating, these eddies interact with the Kuroshio Current, thereby modulating its volume transport and path [Yang, 1999; Johns et al., 2001] . While the kinetic energy of eddies and sea surface variability in the subtropical western Pacific have been investigated extensively with altimetry by, e.g., Qiu and Lukas [1996] , Qiu [1999] , Kobashi and Kawamura [2002] and Qiu [2002] , the propagations and evolutions of eddies in this region have not been studied in detail. The activity of eddies over the STCC has significant consequence on the dynamics of the Kuroshio upstream, and there is tremendous interest in understanding the interaction between eddy and the Kuroshio here. A case study of eddy-Kuroshio interaction near Japan has been made by Takuji et al. [2002] . With this understanding, scientists from Taiwan have initiated a joint project called Kuroshio Upstream Dynamics Experiment (KUDEX) to collect in-situ and satellite data and to develop numerical models to see the eddy-Kuroshio interaction in the Kuroshio upstream area, or the KUDEX area. Other topics to be included in the KUDEX research are, among others, the mechanism of water exchange between the Kuroshio and the South China Sea [e.g., Chu and Li, 2000] . In this project, the KUDEX area covers an area over 17°N-23°N and 119°E-130°E and has a large overlap with STCC. In this paper, the studied area covers the entire KUDEX with extension to an area over 10°N-25°N and 120°E-140°E. For convenience, this extended area is designated as STCC.
[3] Within the framework of KUDEX, this paper will focus on identifying eddies and deriving the kinematic properties of eddies using TOPEX/Poseidon (T/P) altimeter data. The existence of T/P-derived eddies will be verified by drifter data and temperature data. Methods to identify eddies from satellite data have been documented in many publications, e.g., Meyers and Basu [1999] , Andrade and Barton [2000] , and Okkonen [2001] . A complete review of eddy hydrodynamical modeling is given by Carton [2001] . Models for describing the kinematics of eddies can be found in, e.g., Okubo and Ebbesmeyer [1976] , Kirwan et al. [1984] , and Hwang and Chen [2000a] .
[4] An overview of the T/P mission can be found in the work of Fu et al. [1994] . The book by Fu and Cazenave [2001] details all the necessary techniques in altimeter data processing and applications of altimetry in earth sciences. The T/P data used in this paper are from Archivings Validation and Interpretation of Satellite Oceanographic Data (AVISO) [1996] and the algorithm of the T/P data processing is largely based on that given in Hwang and Chen [2000a] , so it will not be repeated here. This paper will focus on the observations of eddies and on the computations of their kinematic parameters, with only a minor emphasis on interpreting their origins and mechanisms.
Dynamic Height and Geostrophic Velocity From TOPEX/ /Poseidon Altimetry
[5] In order to track eddies over the STCC, we first computed relative dynamic heights from T/P sea surface height (SSH) data. Because the steric anomaly in the open oceans consists of mainly long wavelength components and because we intend to identify only mesoscale eddies, sea level anomaly (SLA), defined as the difference between instantaneous SSH (without tidal effects) and a mean SSH, can be regarded as relative dynamic height; see also the discussion in the work of Wunsch and Stammer [1998] . Considering only the balance between pressure gradient and Coriolis force, the geostrophic velocity components can be derived from the gradients of dynamic heights as:
where u, v are the west-east and north-south components of velocities, z is the relative dynamic height, g is gravity (%9.8 m sec
À2
), f, l are latitude and longitude, f = 2W sin f with W % 7.29115 Â 10 À5 s À1 , and R is the mean earth radius (%6371 km). In using (1) and (2) for deriving eddy velocities, the effects of centrifugal force and frictions are neglected, and this is valid for a vortex of large size (radius more than 100 km) [compare Cushman-Roisin, 1994] . Using (1) and (2) we have computed the geostrophic velocity fields over the STCC at each T/P cycle up to early 2002. In the computations the two gradient components of dynamic height needed in (1) and (2) were obtained by first fitting a second-degree polynomial to gridded dynamic heights, and then evaluating the differentiations using the derivatives of the polynomials. The dynamic gridded dynamic heights were computed using the minimum curvature module in the GMT package [Wessel and Smith, 1995] . To reduce data noises and the aliasing effect caused by the uneven along-track and cross-track data spacings, we applied a Gaussian filter with a full window width of 300 km (see Wessel and Smith [1995] for these definitions) to the gridded dynamic heights.
[6] The resulting relative dynamic heights and geostrophic fields at a 10-day interval over the STCC can be seen at the World Wide Web (WWW) page at http://space. cv.nctu. edu.tw/KUDEX/menu.html. These maps on this web page show rich structures of eddy fields and their evolutions. As a summary of eddy dynamics, Figure 1 shows the monthly eddy kinetic energy (EKE) over the STCC from 7 years of T/P altimeter data. EKE is defined as
which is a descriptor of eddy dynamics. Figure 1 shows a zonal band between 20°N and 24°N that contains relatively large EKE. This zonal band is baroclinically instable and is therefore eddy-productive [Qiu, 1999] . Furthermore, along this band EKE is relatively high in summer and autumn (from June to November), and is relatively low in winter and spring (from December to May).
[7] Zhang et al. [2001] and Kobashi and Kawamura [2002] show that there is a 90 to 100-day oscillation of sea surface that is associated with eddies over the STCC. Chelton and Schlax [1996] and Liu et al. [2001] , among others, have identified Rossby waves using dynamic heights similar to those used in this paper. To see sea surface variability over the STCC, we computed a time series of SLA averaged over the area 22°N-24°N and 122°E-124°E, which is shown in Figure 2 . Also shown in Figure 2 is the spectrum of SLA. In Figure 2 we do see a 90 to 100-day components (the 3 to 4 cycle/year components), but these components are not the dominant components in terms of magnitude. The strongest components in the SLA time series in Figure 2 are the annual and semi-annual components, which originate from Sun's seasonal motion and monsoonal wind, respectively. There is also an interannual component in the SLA, which we believe is correlated with El Niño -Southern Oscillation (ENSO) due to STCC's close location to the warm pool northeast of Australia where warm water is piled up before an El Niño occurs [Hwang and Chen, 2000b] .
Method for Determination of Eddy Kinematic Properties
[8] We used the contours of dynamic heights and the geostrophic velocity fields to identify eddies over the STCC, as was done in Hwang and Chen [2000a] ; other relevant techniques of eddy identification can be found in, e.g., Gründlingh [1995] , Siegel et al. [1999] . Methods for automatic extraction of features like eddies are, e.g., wavelet decomposition and gradient analysis [Fö rstner, 2000] . However, it will be difficult even if possible to use automatic methods to identify eddies over the STCC due to the complex ocean-land boundaries here. In this paper we adopted the 5-cm contour line in dynamic height as the edge of an eddy, and then estimated the coordinates of its center and radius. The type of an eddy (cyclonic or anticyclonic) is determined by visual inspection of the rotational directions. The acceptance of this eddy, as well as the determination of the eddy's kinematic properties, will be made in the least squares methods described below. Furthermore, the 280-km cross-track spacing of T/P is indeed very coarse and cannot yield eddies with radii similar to those of the first internal deformations. However, considering the ongoing constellation of altimeter satellites formed by ERS-2, ENVISAT, T/P, Jason-1 and GeosatFollow-On (GFO), we may properly combine altimeter data from these missions to detect internal deformations of small radii. The proposed Wide-Swath Ocean Altimeter (WSOA) [Fu, 2003 ] may also deliver SSHs that fit such a need. [9] To see how an eddy evolves over the STCC, we modify the approach of Sanderson [1995] to compute its center velocity, vorticity and deformation rates. First, in a local Cartesian x, y coordinate system, the gradients of geostrophic velocity components are
Within a 10-day period, it is assumed that g 11 , g 12 , g 21 and g 22 are constants with respect to location and time. Using these gradients, we can determine the vorticity by
the shearing deformation rate by
the stretching deformation rate by
and finally the divergence by
The vorticity defined in (5) is twice the angular velocity. By definition, in the northern hemisphere the vorticity is positive for a cyclonic (cold-cored, or low-pressure) eddy, and is negative for an anticyclonic (warm-cored, or highpressure) eddy. Regarding an eddy as a single point, the definitions of shearing and stretching deformation rates are the same as those defined in the geophysical literature dealing with surface deformation; see Rikitake [1976] and Lambeck [1988] . Also, the total deformation rate of an eddy
[10] A positive/negative stretching deformation rate indicates extension/compression in the west-east direction and compression/extension in the south-north direction. In the case of a positive stretching deformation rate, a circular eddy turns to an ellipse with the semi-major axis lying in the west-east direction. Furthermore, a positive/negative shearing deformation rate indicates extension/compression in the northeast-southwest direction and compression/extension in the northwest-southeast direction. Similarly, if the shearing deformation rate is positive, then a circular eddy becomes elliptical with the semi-major axis lying in the northeastsouthwest direction. Furthermore, assuming that the variation of vertical velocity of eddy is zero, the continuity equation becomes [Apel, 1987, p.101] 
[11] Thus a zero divergence implies that the fluid of the eddy follows the continuity equation or the loss of fluid per unit volume per unit time is zero. For a circular, cyclonic eddy, the velocity components within this eddy are
where u c , v c are instantaneous velocity components of the eddy center relative to the ambient fluid, w is the angular velocity of the circular eddy. Thus g 11 = @u/@x = g 22 = @v/@y = 0, and @u/@y = À@v/@x = Àw, which leads to vorticity = 2w, shearing deformation rate = stretching deformation rate = divergence = 0.
[12] The velocity of a particle at any location within an eddy is expressed as the sum of the instantaneous center velocity and the incremental velocity due to velocity gradients, that is,
where u i , v i are velocity components of particle, e u i , e v i are residuals of velocity components, x i , y i are coordinates of particle, x 0 , y 0 are coordinates of eddy center and n is number of data points. The kinematic parameters of an eddy to be estimated are g 11 , g 12 , g 21 , g 22 , x 0 , y 0 , u c and v c . In comparison to the model of Hwang and Chen [2000a] , the model in (11) and (12) takes into account the instantaneous velocity of the eddy center, which must be considered in view of the westward propagation of eddy, see also Cushman-Roisin et al. [1990] . In the practical computations, a preliminary radius of a given eddy is estimated from the dynamic height field. The velocity components u i , v i in (11) and (12) are sampled on a 0.25°Â 0.25°grid within the eddy, which is defined to be a circular area of the preliminary radius. We used the least squares method to solve for the kinematic parameters. Because (11) and (12) Figure 2. Time series of sea level anomaly east of Taiwan (top) and its spectrum.
are nonlinear with respect to the kinematic parameters, it is necessary to use iterations in the least squares estimation. Let vector B = [g 11 g 12 g 21 g 22 x 0 y 0 u c v c ] T contain the kinematic parameters and
where vector B 0 contains the approximate values and vector #B contains the corrections to B 0 . Expanding (11) and (12) into a Taylor series and retaining only the first-order terms, we obtain in a matrix representation
where V is a vector containing e u i and e v i , A is the design matrix, and L is a vector containing u i , v i . Specifically, the elements in V, A, and L are
A ¼ (11) and (12); see, e.g., also Hwang and Chen [2000a] for the detail of computing B 0 . The instantaneous velocity components u c , v c are taken to be zero initially.
[13] By minimizing the inner-product of V, i.e., V T V, we obtain the least squares solution of #B (cf: Koch, 1987) :
which is to be added to the approximate vector B 0 to yield a new estimate of B. The estimation is then iterated, and a convergence is reached only when #B % 0. It was found that we may reach Db i /b i % 10 À7 after about three iterations, where Db i and b i are the elements of vectors #B and B, respectively. The standard errors of the estimated parameters are from the diagonal elements of the following error covariance matrix:
Statistics of Eddies Over the STCC
[14] We have identified eddies over the STCC from March 24, 1995 to October 16, 2000 using T/P-derived dynamic heights and geostrophic fields. Table 1 shows the numbers of visually estimated and model-selected eddies. The visually estimated eddies are based on visual inspections of the dynamic height contours and the geostrophic fields, while the model-selected eddies are determined using the model in (11) and (12) and the least squares solutions. The rejection rate is defined as one minus the ratio between the number of the model-selected eddies and the number of the visually estimated eddies. A visually estimated eddy will survive the model test only when (a) the normal matrix in the least squares solution is positive definite, (b) the iteration in the least squares solution converges and (c) the estimated vorticity matches the type of eddy (positive and negative for cyclonic and anticyclonic eddies, respectively). The rejection rates for both cyclonic and anticyclonic eddies are about 1/4, so the model and the least squares solutions effectively remove bad visually estimated eddies.
[15] Figure 3 shows the distributions of cyclonic and anticyclonic eddies over the STCC. These eddies are relatively dense over a zonal band at around 22°N-23°N. The distribution of eddies is concentrated around the T/P ground tracks. The crossovers of the ascending and descending T/P tracks happen to occur near 22 N, thus the T/P track pattern is ideal for identifying eddies at latitudes around 22 N. Because the two-dimensional SLA fields are filtered by the Gaussian filter with a 300-km wavelength (see Section 2), eddies with diameters less than 300 km cannot be identified here. Furthermore, the averaged cross-track spacing T/P over the STCC is 290 km, thus, if an eddy has a diameter of about 300 km and its center happens to be located at the middle of the parallelogram formed by four T/P tracks, this eddy may not be seen in the SLA field. We also identified eddies over the South China Sea (SCS) using T/P altimetry. It is found that, from March 24, 1995 to October 16, 2000, the total numbers of cyclonic eddies over the STCC and the SCS are 381 and 94, respectively, while the numbers of anticyclonic eddies over these two areas are 542 and 124, respectively. Considering that these two areas have about the same size (the area of the STCC over 120 E-140°E, 17 N-25 N is 1,846,892 km 2 , and the area of the SCS with depth >200 meters is 2,331,000 km 2 ), the STCC is indeed an eddy rich zone and this agrees with the finding of Roemmich and Gilson [2001] .
[16] Figure 4 shows a time series of eddy numbers. In this time series the vertical coordinate is the number of eddies in one T/P 10-day epoch. In general, in summer anticyclonic eddies prevail, while in winter cyclonic eddies are dominant. On average the number of anticyclonic eddies is 1.35 times of the number of cyclonic eddies. During 1997 -1998, the number of cyclonic eddies is relatively small compared to other years, and the difference between the numbers of cyclonic and anticyclonic eddies is also small. In the summer of 1998, which is the year after the 1997 -1998 El Niño, there is virtually no cyclonic eddy.
[17] Table 2 shows the statistics of eddy kinematic parameters over the STCC. The averaged vorticity of the cyclonic eddies is about 1.66 m rad s
À1
, which agrees well with the magnitude of the mean vorticity of the anticyclonic eddies (1.47 m rad s
). Interestingly, the mean vorticities of cyclonic and anticyclonic eddies over the SCS are 1.68 and À1.74 m rad s
, which are close to those of the eddies over the STCC. On average the deformations and divergences of both cyclonic and anticyclonic eddies are several orders of magnitude smaller than the vorticities.
Case Study

Observing an Anticyclonic Eddy
[18] Anticyclonic eddies are shown to disturb Kuroshio's volume transport and flow directions, and have been studied extensively in, e.g., Zhang et al. [2001] and Takuji et al. [2002] . Here we first do a case study for an anticyclonic eddy and then for a cyclonic eddy in the next section. Figure 5 shows the profiles of dynamic height associated with an anticyclonic eddy at longitudes 122°E -140°E and at a fixed latitude = 22°N, with the time spanning from October 29, 1996 to July 14, 1997. For convenience this eddy is named Eddy 155-177 (because it is identified using T/P data from cycles 155 to 177). Furthermore, Figure 6 displays successive motions of Eddy 155-177 at a 10-day interval using the contours of dynamic height. On about October 29, 1996, the periphery of Eddy 155-177 was visible near 140°E. It then moved westward to be completely inside the STCC on about November 18, 1996. While propagating, the shape and the size of Eddy 155-177 vary and it is mostly not circular. From December 17, 1996 on, Eddy 155-177 was free from the influence of other water mass, and its shape became nearly circular. On April 25, 1997, Eddy 155-177 met another anticyclonic eddy and its speed became nearly zero. On June 4, 1997, Eddy 155-177 merged with another eddy to form a new eddy; this new eddy disappeared all together later. The averaged propagating speed is 8.3 km day
À1
. In total, Eddy 155-177 travels a distance of 1814 km in 218 days over the STCC.
[19] To verify Eddy 155-177, we obtained sea surface temperature anomaly (SSTA) from Integrated Global Ocean Services System (IGOSS) at the World Wide Web site http://ingrid.ldeo.columbia.edu/SOURCES/.IGOSS/.nmc/ .Reyn_SmithOIv1/.weekly. The SSTA data at IGOSS are on a 1°Â 1°grid and are a combination of in-situ measurements and temperatures derived from the Advanced Very High Resolution Radiometer (AVHRR) of the National Oceanic and Atmospheric Administration (NOAA). The SSTA grids were constructed from scattering temperature data by an optimal interpolating scheme; see also Reynolds and Smith [1994] . Figure 7 shows a sequence of SSTA images and contours at a 7-day interval from November 27, 1996 to January 22, 1997, overlapping 63 days with the T/P dynamic heights in Figure 6 . The SSTA in Figure 7 show moving local highs at about the same locations of Eddy 155-177. The temperature near the eddy center is about 0.5°C higher than the temperature of the surrounding water. If we regard the zero-contour in Figure 7 as the edge of Eddy 155 -177, then the estimated radii are about 200-300 km, similar to those shown in Figure 6 . Both the dynamic heights in Figure 6 and the SSTA in show that the center of Eddy 155 -177 was located at about latitude = 23 N and longitude = 137.5°E on November 27, 1996, and the center moved to latitude = 23°N and longitude = 133.5°E on January 22, 1997. This leads to an averaged propagating speed of about 7 km day À1 for Eddy 155 -177. This estimate is slightly smaller than 8.3 km day À1 from the dynamic heights, and the difference may have been due to use of different time spans. Furthermore, Figure 7 shows a band of temperature high along the path of the Kuroshio east of Taiwan. Here the temperature is about 0.5-1°C higher than the surrounding water.
[20] For a further verification we obtained drifter data from the WWW site of the Marine Environmental Data Service (MEDS), Canada (http://www.meds-sdmm.dfo-mpo.gc.ca/ meds/Prog_Int/WOCE/WOCE_SVP/SVP_PS_e.htm). The drifter data contain latitudes, longitudes, velocities, temperatures and other information. It is found that the duration time of Drifter 22076 overlapped with that of Eddy 155-177. Because both Drifter 22076 and Eddy 155 -177 are in slow motion, a longer (more than 10 days) time span of T/P-derived velocity field is needed in order to see whether Drifter 22076 enters Eddy 155-177. It turns out Figure 5 . Profiles of dynamic height (vertical axis, unit is cm) associated with Eddy 155-177 at latitude 22°N, from longitude 122°E to 140°E (horizontal axis).
that we need to average velocity fields over January 18, 1997 to March 22 in order to see a complete overlap between Eddy 155 -177 and Drifter 22076, as shown in Figure 8 . As seen in Figure 8 , Drifter 22076 moved along the edge of Eddy 155-177. After entering Eddy 155 -177, Drifter 22076 did not stay in this eddy for the rest of its lifetime, rather it left Eddy 155 -177 after completing nearly a revolution.
[21] Figure 9 shows the radii, the center coordinates and propagating velocities of Eddy 155 -177 at a 10-day interval; the mean values and variabilities of the kinematic parameters of Eddy 155-177 are given in Table 3 . From Figure 9 and [22] Figure 10 shows time series of vorticity, shearing deformation rate, stretching deformation rate, and divergence of Eddy 155-177. Because of the structures of the error covariance in (19), it turns out that the standard errors of the vorticities and all deformations are the same [Hwang and Chen, 2000a] , and they are also plotted in Figure 10 . The vorticity remains relatively steady during the propagation and it dropped as Eddy 155-177 approached the east coast of Taiwan. Its divergence is nearly zero and was quite stable during the entire lifetime, indicating little loss of eddy fluid during the propagation. The shearing and stretching deformation rates oscillate around zero and both have about the same magnitudes. A significance test [Koch, 1987] using the estimated parameters and the standard errors shows that the all the estimated parameters are significant (or non-zero).
Observing a Cyclonic Eddy
[23] Here we will present a case study for a cyclonic eddy over the STCC. This cyclonic eddy is named Eddy 244-268 for the same reason as for Eddy 155-177. Figure 11 shows the contours of dynamic height associated with Eddy 244 -268 at a 10-day interval from March 20, 1999 to January 2, 2000. The first sign of this cold-cored eddy occurred on March 30, 1999 and its radius was small. This eddy became full-fledged 90 days later (on May 9, 1999), and then it began to move westward. Like the warm-cored eddy in the previous section, the shape and course vary while Eddy 244-268 is in motion. The shapes become particularly irregular when Eddy 244 -268 reaches the Kuroshio east of Taiwan. This cyclonic eddy has an averaged propagating speed of 7.6 km day À1 and travels a distance of 1816 km in 238 days.
[24] Again we use temperature data to verify Eddy 244 -268. As shown in Figure 12a , from July 14, 1999 to August 11, 1999, a negative temperature anomaly appears in the same location as Eddy 244 -268. The temperature of Eddy 244-268 is about 0.5-1°C lower than the surrounding water. However, the structure of the negative temperature anomaly is loose and not as solid as the structure of SLA in Figure 11 . The signature of negative temperature anomaly disappeared after August 11, 1999 and the temperature data fail to track the propagation of Eddy 244-268. Then, from November 4, 1999 to January 2, 2002, the signature of temperature corresponding to this eddy emerges again. This is perhaps due to cloud cover that restricts the use of AVHRR in tracking Eddy 244 -268 continuously. Also, the upper ocean is affected by surface heating, which may mask this cold-cored eddy. As a further verification, Figure 12b shows 10-day successive temperature fields at a depth = 150 m derived from the US Naval Research Lab's (NRL) North Pacific Ocean Nowcast/Forecast System (NPACNFS). NPACNFS is an eddy resolving model that is based on the Princeton Ocean Model (POM). Figure 12b shows successive temperature lows corresponding to Eddy 244-268, thus proving its existence. Interestingly, there is another cyclonic eddy emerging to the east of Eddy 244-268 from November 13, 1999 to January 2, 2002 (see the last 7 maps in Figure 11) , which also appears in the temperature images in Figures 12a and 12b . Unfortunately, there are no drifters over the STCC that match exactly the track of Eddy 244-268.
[25] Figure 13 shows radii, center coordinates and propagating velocities of Eddy 244-268. Figure 14 shows the time series of the estimated kinematic parameters and standard errors of Eddy 244 -268. Again, a significance test [Koch, 1987] using the estimated parameters and standard errors shows that all the estimated parameters are significant (or non-zero). Eddy 244 -268, which are given in Table 3 . Compared to Eddy 155 -177, Eddy 244 -268 has a slightly smaller instantaneous velocity. The vorticity of the cyclonic eddy is also smaller than that of the anticyclonic eddy. From the variabilities of latitude, the propagation of Eddy 244-268 follows a broader zonal band than that of Eddy 155 -177. This broader zonal band is clearly seen in Figure 13 , which shows that Eddy 244 -268 emerged at latitude near 24°N, moved southwestward to 22°N and then moved back to 23°N. Also, Eddy 244-268 has larger shearing deformation rates and stretching deformation rates than those of Eddy 155 -177, indicating that the flattening of Eddy 244-268 is larger than that of Eddy 155 -177. The averaged radius of the Eddy 244-268 is smaller than that of Eddy 155 -177, but the variabilities of the radii of the two eddies are almost the same. Interestingly, the divergence of the cyclonic eddy is an order of magnitude smaller than that of the anticyclonic eddy, although both of them are nearly zero. This means that Eddy 244 -268 lost less fluid than Eddy 155 -177 during the propagation. Both eddies have larger vorticities when they reached east of Taiwan.
[26] The origins of Eddies 155-177 and 244 -268 are clearly due to baroclinic instability. This is shown in Qiu [1999] and Kobashi and Kawamura [2002] . Theoretical studies of baroclinic instability associated with eddies can be found in, e.g., Cushman-Roisin [1994] , and Olascoaga and Ripa [1999] . Cushman-Roisin [1994, p. 227] shows that, in a stratified system, lateral displacements in the geostrophic flow cause vertical stretching and squeezing, which generate a cyclonic vortex or an anticyclonic vortex, or both. Such a vortex will then evolve away from the initial state. Over the STCC, a vortex originating from baroclinic instability will move westward, as demonstrated by the theory of Nof [1983] and the T/P observations in this paper.
Discussions
Propagation of Eddies
[27] The propagation mechanism of mesoscale eddies has been discussed by, e.g., Nof [1983] and Cushman- Roisin et al. [1990; Cushman-Roisin, 1994] . As demonstrated by Cushman-Roisin [1994, p. 256] , the migration of a mesoscale eddy is primarily induced by the varying thickness of the layer surrounding the eddy. This primary effect introduces a westward motion of eddy for cyclonic and anticyclonic eddies in the northern hemisphere. In general, the motion of both Eddy 155-177 and Eddy 244-268 are consistent with such a predicted motion, since in most cases they move westward. Moreover, the warm Eddy 155-177 retreated and migrated northward when reaching 123°E near ( Figure 13 ), where Eddy 244-268 interacted with a newly formed eddy to the south (Figure 11 ). Merging and mutual advection between Eddy 244 -268 and the new eddy resulted in a southward motion. This merging process also supplied these eddies with energy and vorticity [Yasuda, 1995] . This explains why Eddy 244-268 propagated southwest before reaching 130°E and the propagation of this cold eddy around 130°E was temporally not consistent with the theory. As shown in Figure 15 , east of 130°E the mean geostrophic flows contain weak southward components which somehow cause this cyclonic eddy to drift southward also. Eddy 244 -268 gradually moves northward after merging. Cushman-Roisin [1994] predicts that secondary beta gyres originating from the advection of surrounding fluid of an eddy will introduce a northward motion for a cyclonic eddy. Therefore in theory a cyclonic eddy will move westward or northwestward. The northwestward motion of cold Eddy 244-268 again is consistent with the theory of Cushman-Roisin [1994] .
[29] On the other hand, the observed propagating speeds of the two eddies are larger than the predicted speeds. Such a difference between observation and theory is also found in the propagations of eddies near Hawaii [Holland and Mitchum, 2001] . Many factors contribute to the difference between theory and observation, e.g., interaction of eddies, bottom topography, the effect of mean flow, and long wave propagation. Regarding the effect of mean flow, Figure 15 shows the dynamic height from Levitus et al. [1997] . Using equations (1) and (2), we computed mean geostrophic flows from the mean dynamic height of Levitus et al. [1997] , which are also shown in Figure 15 . The Kuroshio Current is excluded from the mean flow presented in Figure 15 . From Figure 15 , the mean geostrophic flows in STCC are very weak (about 2 cm s À1 ), which should have little effect on the propagation of Eddies 155-177 and 244-268.
[30] The instantaneous center velocities u c , v c , which are velocities relative to the ambient fluid, are different from the propagating velocities. For Eddy 155-177, the mean difference between the propagating velocity and the instantaneous center velocity is 4.5 km/day; for Eddy 244 -268, the mean difference is 4.3 km/day. These differences are almost identical, suggesting that there must be a stable effect influencing the propagations of the two eddies. Furthermore, the directions of motion in the propagating velocity fields are different from those in the instantaneous center velocity fields, but both have westward velocity components. Obviously the mean flow cannot fully account for the difference between the propagating velocity and the instantaneous center velocity because again the mean flow is too small here. A possible cause of such a difference is Rossby wave. In fact, the averaged propagating velocity of 8 km day À1 is quite consistent with the observed velocities of Rossby wave in, e.g., Chelton and Schlax [1996] , Dewar [1998] and Cipollini et al. [2000] . Furthermore, Liu et al. [2001] has presented a detailed analysis of Rossby waves over the STCC and pointed out a 90-day oscillation in sea surface height associated with long Rossby wave with wavelengths ranging from 450 to 840 km. That is, Rossby wave occurs about every 90 days and it should have a great consequence on eddies over the STCC. Therefore it is hypothesized that the two eddies under study may happen to "take a ride" on the concurring Rossby waves and the propagating velocities in Figures 11  and 13 are actually the velocities of Rossby waves. Future work should explore this hypothesis by numerical modeling.
Conservation of Angular Momentum
[31] Figure 16 shows the relationships between vorticity and radius for Eddies 155 -177 and 244 -268. For Eddy 155 -177, a strong linear relationship exists, while for Eddy 244 -268 the linear relationship is weaker. The correlation coefficient is À0.87 for Eddy 155-177, and is À0.73 for Eddy 244-268, which are both statistically significant. For these two eddies, the general trend is that vorticity decreases with increasing radius, which obeys the law of conservation of angular momentum. This also shows that the friction between the fluid of eddy and the ambient fluid causes little loss of energy during the propagations of the two eddies. As a summary, we derive the following empirical relationships between vorticity and radius for Eddies 155-177 (anticyclonic) and 244-268 (cyclonic), respectively: where v a , v c are the absolute values of vorticities in m rad, and r a , r c are radii in km.
Deformations of Eddies
[32] Eddies 155 -177 and 244 -268 have deformation rates that are non zero in most cases, indicating that their shapes are largely not circular during the propagations and evolutions. This phenomenon can also be seen in Figures 6 and 11. The degree of deformation is proportional to the magnitude of deformation rate. Figures 10 and 14 show that the shearing and stretching deformation rates oscillate around zero. Based on the interpretation of deformation rates in Section 3, the change of sign indicates that the major axes of the two eddies rotate during propagation. The shearing deformation rate of Eddy 244-268 (see Figure 14) oscillates rapidly, suggesting its shape also changes rapidly. Eddy 244 -268's stretching deformation rate goes slowly from negative to zero and changes its sign back to negative. When the deformation rate is nearly zero, the shape of an eddy then approaches circle. Figures 10 and 14 show that there is a tendency that the deformation will approach zero. Such a tendency brings the shape from ellipse to circle and is called axisymmetrization [Carton, 2001] . Due to the influence of the ambient fluid a circular eddy will be deformed and its shape becomes elliptical again. This process is repeated and that's why we see the deformation rates oscillate around zero in Figures 10 and 14 . It is noted that the deforming factors of Eddy 155-177 and 244-268 are not entirely due to the shearing forces from the mean geostrophic flow, which is quite weak here (see Figure 15 ), see also Carton [2001] .
Conclusions
[33] This paper presents a method for determining the kinematic properties of mesoscale eddies based on the principle of constant velocity gradients and instantaneous center velocity. In such a model, the deformation rates are determined and can be used to see the shape evolution of an eddy during its lifetime. An anticyclonic and a cyclonic eddy are studied using this method and their existences are verified by temperature data and drifter data. This is the first time an anticyclonic and a cyclonic eddy are completely tracked during their lifetimes over the STCC. The two [1990] have predicted, and the propagation speeds are larger than the theoretical speeds. The mean flow over the STCC is quite weak, so it is not the major cause of the deviation between observation and theory. It is very likely that the two eddies propagate with Rossby waves, which themselves also have speeds larger than what theories have predicted, see, e.g., Chelton and Schlax [1996] and Dewar [1998] . The estimated kinematic parameters can be used to verify results in an eddy-resolving model of ocean circulation.
